Epidemic respiratory infections are responsible for extensive morbidity and mortality within both military and civilian populations. We describe a high-throughput method to simultaneously identify and genotype species of bacteria from complex mixtures in respiratory samples. The process uses electrospray ionization mass spectrometry and base composition analysis of PCR amplification products from highly conserved genomic regions to identify and determine the relative quantity of pathogenic bacteria present in the sample. High-resolution genotyping of specific species is achieved by using additional primers targeted to highly variable regions of specific bacterial genomes. This method was used to examine samples taken from military recruits during respiratory disease outbreaks and for follow up surveillance at several military training facilities. Analysis of respiratory samples revealed high concentrations of pathogenic respiratory species, including Haemophilus influenzae, Neisseria meningitidis, and Streptococcus pyogenes. When S. pyogenes was identified in samples from the epidemic site, the identical genotype was found in almost all recruits. This analysis method will provide information fundamental to understanding the polymicrobial nature of explosive epidemics of respiratory disease.
D
espite the prevalence of epidemic respiratory infections and their important impact on global human health, the molecular underpinnings of these conditions remain poorly understood. Epidemic respiratory infections can be caused by a wide variety of bacteria, including several species of Streptococcus, Haemophilus influenzae, Staphylococcus aureus, Neisseria meningitidis, Mycoplasma pneumoniae, and Chlamydophila pneumoniae, or viruses such as influenza virus, adenovirus, rhinovirus, or coronaviruses (1, 2) . Although various culture methods, molecular techniques, and serologic diagnostic tests exist, for many epidemics the causative microorganism(s) are never determined. Furthermore, there has been no practical method for examining the broad bacterial ecology of respiratory infections to dissect the complex polymicrobial interactions that occur during explosive outbreaks of disease.
Group A streptococci (GAS), or Streptococcus pyogenes, is one of the most important organisms associated with respiratory infections because of its prevalence and its ability to cause severe disease with complications such as acute rheumatic fever and acute glomerulonephritis (3) . The ability to simultaneously identify GAS and other bacteria and viruses in large numbers of samples would greatly facilitate our understanding of respiratory epidemics. It is also essential to follow the spread of specific virulent strains of GAS in populations and to distinguish virulent strains from avirulent streptococci (3) .
Molecular methods have been developed to genotype GAS based on the sequence of the emm gene that encodes the M-protein virulence factor (4-6). More than 150 different emm types have been defined and correlated with phenotypic properties of thousands of GAS isolates by using this molecular classification (www. cdc.gov͞ncidod͞biotech͞strep͞strepindex.html) (7) . Recently, a strategy known as multilocus sequence typing (MLST) was developed to determine the molecular epidemiology of GAS and other bacterial pathogens. The results from MLST are highly concordant with several other typing methods (8) .
Although MLST provides detailed analysis of isolated GAS strains, it provides no information about the other respiratory microbes that may participate in the pathology. We now report a technique that rapidly identifies multiple respiratory microorganisms simultaneously in a quantitative fashion. This allows for broad microbial population analysis and strain tracking of an ongoing, geographically dispersed epidemic on a large scale. We specifically identified the bacterial pathogens present during a respiratory disease outbreak at a military training camp (9) , characterized the GAS strain-genotype, and analyzed the spread to other military facilities.
Materials and Methods
Selected isolates used in this research from the Naval Health Research Center were collected in compliance with all applicable federal regulations governing the protection of human subjects in research under approved protocol NHRC.2001.0008.
Primer Selection. Broad-range PCR primers for mass spectrometry analysis were designed to target conserved regions of bacterial ribosomal DNA genes (16S and 23S) and genes encoding housekeeping proteins common to all bacteria (Table 1) . Primers for genotyping GAS using mass spectrometric analysis were designed to target sequences from each of the seven housekeeping genes used in MLST. The nucleotide sequences for these genes from 212 isolates of GAS (78 distinct emm types) were obtained from www.mlst.net. These correspond to the 100 different allelic profiles referred to by Enright et al. as ST1-ST100 (8) . Twenty-four primer pairs were designed and validated against S. pyogenes. A final subset of six primer pairs (sequences are shown in Table 4 , which is published as supporting information on the PNAS web site) was chosen based on a theoretical calculation of minimal number of primer pairs that maximized resolution between emm types.
Mass Spectrometry and MLST. After amplification, 15 l-aliquots of each PCR were desalted and purified by using a weak anion exchange protocol as described (10) . Accurate-mass (Ϯ1 ppm), high-resolution (M͞⌬M Ͼ 100,000 full-width half maximal) mass spectra were acquired for each sample by using high-throughput electrospray ionization mass spectrometry (ESI-MS) protocols as described (11, 12) . For each sample, 1.5 l of analyte solution was consumed during the 60-s spectral acquisition. Raw mass spectra were converted to monoisotopic molecular masses. Unambiguous base compositions were derived from the exact mass measurements (13) . Quantitative results are obtained by comparing the peak heights with an internal PCR calibration standard present in every PCR well at 500 molecules for the ribosomal DNA-targeted primers and 100 molecules for the protein-encoding gene targets (11) . GAS isolates were analyzed by using emm gene-specific PCR as described (4, 14) . MLST analysis was performed as described (8) .
Results and Discussion
Broad Surveillance, Identification, and Rapid Strain-Genotyping of Bacterial Pathogens. To begin to decipher the polymicrobial dynamics that underlie epidemic outbreaks of respiratory disease, it would be valuable to analyze respiratory samples for a broad range of bacterial pathogens simultaneously and to obtain high-resolution strain-genotyping information on specific species. We have developed a rapid, high-throughput molecular method to achieve these objectives and have tested it on samples obtained from respiratory disease outbreaks associated with S. pyogenes in military training facilities (9) . The experimental methodology is based on analysis of multiple PCR amplicons using PCR͞ESI-MS to determine base compositions of complex mixtures of amplicons (11, 13) . Highresolution genotyping of specific bacterial species, in this case S. pyogenes, was accomplished by analyzing the samples with speciesspecific primers that interrogate regions of high intraspecies variability to distinguish closely related strains.
To measure the broad landscape of bacteria present in respiratory samples, a set of 16 broad-range surveillance primers was used that allow PCR amplification and quantitative identification of many different bacterial pathogens and respiratory commensal flora. Gene targets of these primers are listed in Table 1 , and sequences are shown in Table 4 . The surveillance primers were chosen by computational analysis of sequence alignments of the ribosomal DNA operons and 160 broadly conserved proteinencoding housekeeping genes. The ribosomal DNA-targeted primers have the broadest range of bacterial coverage. For example, the four primer pairs targeted to 16S ribosomal DNA match, on average, 98% of the bacterial sequences in the Ribosomal Database Project (http:͞͞rdp.cme.msu.edu) allowing for two to three mispairings under permissive PCR cycling conditions. The sites of hybridization and the sequence conservation in these regions are shown on the ribosomal RNA structures in Figs. 2 and 3 , which are published as supporting information on the PNAS web site. The primers targeted to protein-encoding housekeeping genes have breadth of coverage at the level of major bacterial subdivisions (e.g., beta proteobacteria, bacilli); their specificity is described in Table  1 and graphically depicted in Fig. 4 , which is published as supporting information on the PNAS web site.
Analysis of the amplified regions from major respiratory pathogens showed that the base compositions of these regions unambiguously distinguished all recognized respiratory pathogens from each other and from normal flora, including closely related species of Streptococci and Staphylococci (base compositions are listed in Table 5 , which is published as supporting information on the PNAS web site). Although any single primer target region might have an overlap of base compositions with another species, combined information from multiple primer pairs provided unambiguous organism-specific signatures for all major respiratory pathogens. For example, S. pyogenes and Streptococcus pneumoniae have target regions that are amplified by 9 and 10 of the surveillance primers, respectively. The base compositions of these two species are identical in only one target region, and differ in all remaining target regions by up to four base substitutions per region. We confirmed the resolving power of the target regions by determining the base compositions of 120 isolates of respiratory pathogens representing 70 different bacterial species (data not shown). The results showed that the observed variations (usually one or two base substitutions in the amplified region) in base composition amongst multiple isolates of the same species did not prevent correct identification of major pathogenic species.
For high-resolution strain genotyping, we designed a strategy to generate strain-specific signatures that follows the rationale of MLST. We constructed an alignment of concatenated alleles of the seven MLST housekeeping genes from each of 212 previously emm-typed strains (8) and determined the number and location of the primer pairs that would maximize strain discrimination. An initial set of 24 primer pairs was selected that would amplify regions covering Ͼ97% of the nucleotide variation in the MLST sequencing targets. We then determined how much strain discrimination could be achieved from a smaller set of primers. Performance calculations for different possible combinations of primer subsets showed that six pairs of primers allowed discrimination at the individual emmtype level of Ͼ75% of all of the emm types listed by Enright et al. (8) , whereas the remaining 25% clustered into groups of two or more emm types (see Fig. 5 , which is published as supporting information on the PNAS web site, for details). This degree of resolution was considered sufficient for applications such as tracking the clonal expansion of a particular strain type during a specific epidemic. However, if complete emm typing is required, 12 primer pairs can be used to completely resolve all emm types. Table 1 . Broad-range and S. pyogenes-specific genotyping primer targets and scope of coverage Sequences of the primers are provided in Table 4 . Primer coverage of bacterial phylogeny is depicted pictorially in Fig. 4 . The locations of the primers targeting ribosomal sequences are depicted mapped to the rRNA structures in Fig. 2 
(16S) and 3 (23S).
Identification and Strain Genotyping of GAS Isolates. Four sets of throat samples taken from recruits at different military facilities were examined. The first set was collected at a military training center in 2002 during one of the most severe outbreaks of pneumonia associated with GAS in the U.S. since 1968 (9) . Throat swabs were taken from both healthy and hospitalized recruits and plated for selection of putative GAS colonies. A second set of 15 original patient specimens was taken during the height of this disease outbreak. The third set were historical samples from disease outbreaks at this and other military training facilities during previous years. The fourth set of samples was collected from five geographically separated military facilities in the continental U.S. in the winter immediately after the severe 2002 outbreak.
Colonies isolated from GAS selective media from all four collection periods were analyzed with the broad surveillance primers and GAS genotyping primers (Table 1) . When the surveillance primers were used, all samples showed base compositions that precisely matched the four completely sequenced strains of S. pyogenes (15) (16) (17) (18) (19) (20) . The results of the base composition analysis with genotyping primer pairs for samples from all four collection periods are compared to results from 5Ј-emm gene sequencing and the MLST gene sequencing methods in Table 2 . When only these six primer pairs were used, some of the samples could not be resolved to a unique emm type. However, base composition analysis showed identification consistent with (either uniquely or as a member of a small set) 5Ј-emm gene sequencing or the MLST sequencing method.
Genotyping GAS Isolated from the 2002 Epidemic and Testing of
Original Patient Specimens. Of the 51 samples taken during the peak of the November͞December 2002 epidemic ( Table 2 , rows 1-3), all but three had identical base compositions and corresponded to emm3, a GAS genotype previously associated with high respiratory virulence (17, 19) . The three outliers ( Table 2 , rows 2 and 3) were samples from healthy individuals and probably represent nonepidemic strains harbored by asymptomatic carriers. Archived samples ( Table 2 , rows 5-13) from historical collections showed a much greater heterogeneity of composition signatures and emm types, as would be expected for different epidemics occurring at different times and places.
During the peak of the 2002 outbreak, duplicate throat swabs were taken from military recruits who were not overtly symptomatic but who were living and training in the same community. One of the paired swabs was used to isolate GAS colonies on selective media and the other swab was analyzed directly. Fifteen of the paired swabs that showed at least one colony on GAS-selective media were selected for further study. When the surveillance primers were used, all 15 of these GAS isolates showed base compositions identical to the sequenced GAS genomes, as was observed with all previous GAS isolates in this study. The six Table 2 . Base composition analysis of GAS samples Base compositions from each primer target site are color-coded so that each unique base composition has its own color. ND, no data. *Samples were determined to be GAS-negative by independent culture techniques.
GAS-specific genotyping primers indicated that all 15 samples had the same GAS genotype ( Table 2 , row 4), corresponding to emm3, the identical signature obtained from the symptomatic individuals in this outbreak, consistent with the clonal expansion of a single genotype.
The duplicate swabs were analyzed without culture by using the 16 broad surveillance and six GAS-specific genotyping primers. Analysis using the surveillance primers revealed that these samples had a mixture of microbes, as might be expected from a complex sample (Table 3) . Of the 15 samples, six showed evidence of GAS using the broad surveillance primers, and seven showed positive detection using all six genotyping primers (Tables 3 and 2 , row 39). Of the remaining eight samples, five were positive with two to four genotyping primers (Table 2 , rows 40-43) and three of the samples were negative with all six genotyping primers ( Table 2 , row 44). These results suggest that GAS was present in these samples at widely varied concentrations.
In addition to GAS, other potentially pathogenic organisms were identified. In an exemplary sample (Table 3 , sample 5), GAS was identified along with strong signals consistent with N. meningitidis and H. influenzae (Fig. 1) . The 16 surveillance primers have a varying degree of breadth in their coverage. The six primers that target 16S and 23S ribosomal DNA were designed to amplify all bacteria from the major divisions (Table 1) . Mass spectral analysis of the products from primers that target 16S and 23S ribosomal DNA ( Fig. 1 Upper Right and Lower Left) showed that the dominant signals were from H. influenzae, N. meningitidis, and S. pyogenes (GAS) present in a ratio of Ϸ20:5:4 as determined by comparison of peak heights with that of internal PCR calibration standards for several of the primers. In contrast to the primers that amplify ribosomal DNA genes, the primers that target genes encoding housekeeping proteins were designed to provide coverage of specific divisions of bacteria. For example, primer pair 356 targets the rplB gene (Table 1 ) and primarily amplifies the bacterial classes Bacilli (which includes S. pyogenes) and Clostridia, but does not amplify Proteobacteria such as N. meningitidis and H. influenzae. Analysis of the spectrum from this primer set shows S. pyogenes as the only major product (Fig. 1 Lower Right) . As expected, primers targeted to the proteobacterial species identified N. meningitidis (corroborating evidence for the simultaneous circulation of N. meningitidis during this epidemic was obtained from culture data from a hospitalized patient who subsequently died from pneumonia during this period; K. Russell, unpublished data) and H. influenzae, but not S. pyogenes (data not shown). Although base compositions detected from some of the surveillance primers are consistent with more than one organism, the collective data from the 16 surveillance primers unambiguously identified these three bacterial species as responsible for the bulk of the bacterial load in this throat swab. Thus, using this surveillance panel of primers, it is possible to identify the major bacterial components of a complex sample and to determine their approximate concentrations.
To corroborate the results of mass spectrometry analysis of PCR products obtained by using the surveillance primer set, we analyzed two of the samples by broad-range priming followed by cloning and sequencing (21) . The results from sequencing Ϸ700 nucleotides of 16S ribosomal DNA were in good agreement with the mass spectrometry analysis with respect to both identification of species and the relative abundance for the organisms that constituted Ͼ 5% of the total microbial load in the sample (details in Table 6 , which is published as supporting information on the PNAS web site). However, cloning and sequencing indicated the presence of additional species of bacteria not identified by PCR͞ESI-MS. For example, based on sequencing, 5% of the bacterial load in sample 5 ( Table 3 ) was comprised of Corynebacterium fastidiosum. Retrospective analysis of the mass spectra revealed peaks that were consistent with the presence of this organism, but the peak heights across the surveillance primer set were insufficient to make a positive identification. Thus, broad-range primer analysis will be less sensitive on an absolute scale for a low abundance organism than species-specific primers that do not have to compete for PCR resources with multiple microbes (see sensitivity measurements below). The other sample that was analyzed by both PCR͞ESI-MS and sequencing (Table 3 , sample 14) contained S. pyogenes and Staphylococcus aureus in a ratio of Ϸ5:1 as determined by PCR͞ ESI-MS and about 3.5:1 by sequencing.
It is interesting that the 15 throat swabs from military recruits contained a relatively small set of microbes in high abundance ( Table 3 ). The most common were H. influenzae, N. meningitidis, and S. pyogenes; S. epidermidis, M. catarrhalis, C. pseudodiphtheriticum, and S. aureus were present in fewer samples. We also analyzed an equal number of samples from healthy volunteers in the same fashion and did not observe the same pattern of microbes (samples were taken from 23 healthy volunteers from each of three different geographic locations, not from military training settings). Healthy volunteers showed a flora dominated by multiple, commensal non-␤-hemolytic Streptococcal species, including viridans group streptococci (Streptococcus parasanguinis, Streptococcus vestibularis, Streptococcus mitis, Streptococcus oralis, and S. pneumoniae; data not shown). Thus, the military recruits in the midst of a respiratory disease outbreak had a dramatically different microbial population than that experienced by the general population in the absence of epidemic disease.
Genotyping GAS Isolated from Geographically Separated Military
Facilities in 2003. After the 2002 epidemic associated with a virulent emm3 strain, we surveyed respiratory disease outbreaks at other military facilities. It was possible that the virulent genotype from the epidemic might have spread to these locations later in the winter season. GAS isolated from patients with respiratory disease was examined by base composition analysis and by emm-gene sequencing. The results ( Table 2 , rows 14-33) showed concordance between base composition analysis and emm gene sequencing. One or two samples from each location had an emm3 genotype. However, the distribution of GAS types at these locations showed a pattern significantly different from the original epidemic, suggesting that the epidemic strain was not dominating the population of GAS at other locations. Throat swabs from eight individuals showing respiratory symptoms were obtained and analyzed after culture and directly from the swab. Five of the eight patients tested positive for GAS by culture on selective media (Table 2 , rows 34-38). Samples that were culture-positive were also GAS-positive by base composition analysis when analyzed directly from the swab, whereas the three culture-negative samples were also negative by PCR͞ESI-MS.
Sensitivity, Dynamic Range, and Reproducibility. To evaluate the limit of detection, serial 2-fold dilutions of known amounts of genomic DNA isolated from S. pyogenes were added to water or genomic material isolated from throat swabs from healthy volunteers. In water, both the broad surveillance and genotyping primers reliably detected as few as 15 genome copies of S. pyogenes per PCR well (data not shown). In the presence of normal throat flora, the S. pyogenes genotyping primers, which do not competitively amplify commensal streptococcal species, had the same sensitivity as in water. However, the broad surveillance primers lost sensitivity for S. pyogenes in the presence of floral DNA because of PCR competition with commensal streptococcal organisms. The limit of detection was Ϸ2,500 genomic copies per well in the presence of the average amount of normal flora taken from a throat swab (pooled from 15 volunteers and divided to one swab-equivalent). On the other hand, when K. pneumoniae and B. anthracis were spiked into normal throat flora, the limit of detection was Ϸ10-30 genome copies per well for both organisms. The difference in sensitivity for S. pyogenes vs. K. pneumoniae and B. anthracis can be attributed to the predominance of streptococcal organisms in normal flora. Although all of the surveillance primers that amplify S. pyogenes also competitively amplify commensal streptococcal species, several of the surveillance primers (in particular those that target genes encoding housekeeping proteins) amplify K. pneumoniae and B. anthracis and exclude the commensal streptococci. Thus, the lower limit of detection for a particular organism is not absolute, but varies with the level and nature of competing DNA and the coverage of the surveillance primers (see dynamic range experiment below). This is uniquely problematic for S. pyogenes in a throat flora background, which is dominated by commensal streptococcal species. To detect low levels of S. pyogenes in the presence of throat flora, one or more of the S. pyogenes-specific genotyping primers that do not amplify commensal streptococcal species would be necessary.
To determine the dynamic range and linearity of competitive PCR͞ESI-MS, we mixed three organisms in varying relative ratios ranging from 10 to 10,000 and analyzed them by using the surveillance primer set. The results (Fig. 6 , which is published as supporting information on the PNAS web site) showed a dynamic range of at least 1,000:1, where one organism could be detected in the presence of a 1,000-fold excess of one or two other organisms. The deviation from linearity at 45 cycles of PCR over a 1,000:1 dynamic range was Ϯ60%. The dynamic range would vary somewhat for different mixtures of organisms, depending on their coverage by the surveillance primers. Having a mix of primers with varying breadth in specificities effectively expands the overall dynamic range of the system while assuring that the major bacterial components of a mixture are identified.
To assess swab-to-swab variation, we analyzed duplicate throat swabs from 23 healthy volunteers. The composition of the bacterial flora varied somewhat from individual to individual, but the replicate swabs from the same donor showed virtually identical profiles (Fig. 7 , which is published as supporting information on the PNAS web site). The bacteria from these duplicate swabs were all dominated by commensal Streptococcus spp., as expected for normal throat flora from healthy donors (21) .
Conclusions
In both developing and developed nations, the leading cause of death by a wide margin is acute respiratory disease (22) (23) (24) . However, the underlying microbial ecology and the polymicrobial interactions that mediate explosive epidemics remains poorly understood. We have developed a strategy to simultaneously survey respiratory samples for the presence of many different pathogenic agents and to provide high-resolution strain genotyping for selected species of bacteria. Using a set of surveillance primers targeted to broadly conserved regions of bacterial genomes, PCR amplicons were generated and analyzed by ESI-MS, and the identity and relative quantity of microorganisms was determined by using the base compositions of the amplicons. This method allows rapid detection of the abundant microbial flora present in a complex sample. To track a particular bacterial strain that may be the driving force of an epidemic, high-resolution genotyping capability is required. This is accomplished by the use of species-specific primers that target regions of high variation.
In this study, we analyzed four sets of respiratory samples from military settings. Military recruits live in close quarters and are subject to intense physical and vocal stress as a normal part of training. Analysis of respiratory samples from military recruits living in a training community where a high amount of respiratory disease was present showed high concentrations of one or several pathogenic respiratory bacteria, including GAS, H. influenzae, and N. meningitidis. From the epidemic site, the identical GAS genotype was identified in almost all recruits. The respiratory flora present in these recruits was not found in healthy controls.
We have developed a rapid, high-throughput, and cost-effective method for surveying large numbers of samples that provides both a broad view of the bacterial organisms present and a highresolution genotype of selected species. The PCR͞ESI-MS analysis of 96 samples with all surveillance primers takes Ϸ19 h, and has sufficient speed and throughput to be useful in tracking of an ongoing epidemic. Although this work focused on identification of bacteria, with detailed strain genotyping of GAS, the PCR͞ESI-MS method described here can be extended to broad groups of viruses (25) , fungi, and pathogenic protozoa. We envision using this methodology to enhance our understanding of the fundamental nature of explosive epidemics of respiratory disease.
